Abstract Gastrointestinal dysfunction is a prominent non-motor feature of Parkinson's disease (PD) that contributes directly to the morbidity of patients, complicates management of motor symptoms, and may herald incipient PD in patients without motor disability. Although PD has traditionally been considered a disease of dopaminergic neurons in the substantia nigra, analyses of gastrointestinal samples from PD patients have consistently revealed pathology in the enteric nervous system. The relationship of PD pathology to GI dysmotility is poorly understood, and this lack of understanding has led to limited success in developing treatments for PD-related GI symptoms. We have quantitatively compared myenteric neuron density and relative abundance of NO, VIP, and catecholamine neurons between patients with PD and control individuals along the length of the GI tract. In addition, we have examined the frequency of GI a-synuclein neuritic pathology and its co-localization with the same neuronal markers. We have included a comparison with a small population of patients with incidental Lewy bodies found at autopsy. These data indicate that there is no neuronal loss in the myenteric plexus in PD. Lewy body pathology parallels parasympathetic autonomic input from the dorsal motor nucleus of the vagus, not the distribution of extrinsic sympathetic input or intrinsic enteric neurons, and is only rarely co-localized with tyrosine hydroxylase. These data provide a critical background to which further analyses of the effect of PD on the GI tract may be compared and suggest that neuropathology in myenteric neurons is unlikely to be a causative factor in PD-related GI dysmotility.
Introduction
Gastrointestinal dysfunction is a prominent non-motor feature of Parkinson's disease (PD). PD patients experience symptoms that span the entire alimentary tract including abnormal salivation, dysphagia, delayed gastric emptying, constipation, and defecatory dysfunction [41, 42] . GI dysmotility contributes directly to the morbidity of PD and complicates the disease's clinical management. For example, in the stomach, delayed emptying leads to nausea, contributes to weight loss, and adds to fluctuations in motor impairment from variable absorption of medication [14, 21, 22, 30] . In the colon, longer transit time causes harder stools and constipation [4, 15, 51] . In some cases, GI symptoms may be a herald of incipient PD [1] . The exact mechanism of motility dysfunction in PD is poorly understood, and lack of understanding of changes in the gastrointestinal tract in PD has led to limited success in developing treatments.
Control of GI motility is directed by the intrinsic enteric nervous system (ENS), a semiautonomous neuronal network that consists of a deep myenteric and more superficial submucosal plexus [19, 28, 58] . The myenteric plexus is the more important of the two in terms of controlling motility. Circuitry in this plexus controls temporal coordination of intestinal smooth muscle upon which effective peristalsis depends. Neurons producing virtually every neurotransmitter seen in the central nervous system have been identified within the ENS, including acetylcholine, nitric oxide (NO), vasoactive intestinal peptide (VIP), and catecholamines [28] . Central modulation of ENS function is mediated by autonomic parasympathetic input primarily from the dorsal motor nucleus of the vagus (DMV) and sympathetic input from para-and prevertebral ganglia.
Although PD has traditionally been considered a disease of dopaminergic neurons in the substantia nigra, analyses of gastrointestinal samples from PD patients have consistently revealed neural pathology. Lewy bodies and AS neuritic pathology have been found in the ENS in nearly every PD patient examined [29, 31, 52, [54] [55] [56] and may appear early in the disease course [6, 11] .
Despite the frequency of enteric a-synuclein aggregation and GI symptoms in PD, it is not clear whether or not there is a causal relationship between the two findings, and clinicopathological correlation studies have only begun to be performed [13, 32] . In addition, experience from the midbrain suggests that clinical symptoms in PD are driven primarily by neuronal loss rather than aggregation of a-synuclein. As such, quantitative evaluation of neuron populations that control GI motility, such as enteric neurons, is an important step toward determining the pathological underpinnings of GI symptoms in PD.
We have compared myenteric neuron density and relative abundance of NO, VIP, and catecholamine neurons between patients with PD and control individuals along the length of the GI tract. In addition, we have examined the frequency of GI a-synuclein neuritic pathology and its co-localization with the same neuronal markers. We have included a comparison with a small population of patients with incidental Lewy bodies (ILB) found at autopsy. These data indicate there is no neuronal loss in the myenteric plexus in PD. Lewy body pathology parallels parasympathetic autonomic input from the DMV, not the distribution of extrinsic sympathetic input or intrinsic enteric neurons.
Materials and methods

Tissue samples
Six-micron formalin-fixed paraffin-embedded intestinal tissue cross sections from patients with Parkinson's disease or incidental Lewy body disease, or from control individuals with no known neurological condition (Table 1) were obtained from the Arizona Parkinson's Disease Consortium and the Banner Sun Health Research Institute Brain and Body Donation Program in Sun City, AZ. Areas examined included stomach, duodenum, ileum, transverse colon, and rectum. Results of phosphorylated a-synuclein immunostaining from some of these samples have been previously reported [6] . Hematoxylin and eosin stained sections were examined from each sample to confirm GI tract segment and tissue integrity. All protocols related to the Brain and Body Donation Program were approved by the Banner Sun Health Research Institute's Institutional Review Board.
Antibody characterization
A list of all primary antibodies used is given in Table 2 . The rabbit anti-NOS antibody recognized a band of 161 kD on western blots of human brain (manufacturer's data sheet). Staining was eliminated by preincubation of the diluted antibody (1:500) with 25 lg/ml of recombinant rat protein. The antibody stained a pattern of cellular morphology and distribution in the human ENS that was comparable to previous reports concerning nitric oxide neurons [9, 38] .
The rabbit anti-VIP antibody recognized a single band of 20 kD on western blots of mouse brain (manufacturer's data sheets). The antibody stained a pattern of cellular morphology and distribution in the human ENS that was comparable to previous reports concerning VIP neurons [3, 38] .
The rabbit anti-TH antibody recognized a band of 60 kD on western blots of rat brain (manufacturer's data sheets). The antibody stained a pattern of cellular morphology and distribution in the human ENS that was comparable to previous reports concerning catecholaminergic neurons [3, 38] .
The mouse anti-HuC/D antibody recognized bands of 36, 40, and 42 kD on western blots of rat brain [40] . The antibody stained a pattern of cellular morphology and distribution in the human ENS that was comparable to previous reports [9, 25, 35, 38, 43] .
The mouse anti-a-synuclein antibody recognized a band of 18 kD on western blots of human brain and recognized a-but not b-synuclein (manufacturer's data sheet). The antibody stained a pattern of Lewy bodies in the human ENS that was comparable to previous reports [6, 7] .
Immunostaining
After de-waxing and washing the sections in distilled water, antigen retrieval was performed using boiling 1 mM sodium citrate solution (pH 8.5) for 10 min. Sections were cooled to room temperature, and washed with distilled water and 1 % tris-buffered saline pH 7.3 (TBS). When staining for Lewy bodies with LB509, incubation with 5-12 lg/ml proteinase K (Enzo Life Science; Cat. 33802; Lot 28BEA0) for 20-30 min 37°C was performed. Otherwise, the next step was a 1-h blocking incubation in 5 % normal donkey serum (NDS). Sections were incubated in primary antibody solution overnight at 4°C.
The following day, sections were washed with TBS and incubated with secondary antibody for 1-2 h. For coimmunofluorescence, rabbit primary antibodies against nNOS, VIP, and TH were visualized with AlexaFluor488-conjugated goat anti-rabbit secondary antibody (1:500, Invitrogen). Mouse anti-HuC/D and LB509 were visualized with Cy3-conjugated donkey-or goat anti-mouse secondary (1:200 or 1:500, Jackson Immunolabs).
Immunofluorescent samples were washed with TBS and coverslipped using Aquamount.
For immunohistochemistry of Lewy bodies, after incubation with LB509, endogenous peroxidases were blocked by incubation with 3 % H 2 O 2 for 10 min, sections were incubated with biotin-conjugated goat anti-mouse secondary antibody (1:1,000, Jackson), washed with TBS, and exposed to ABC solution (Vector Labs) for 30 min at room temperature. They were then incubated with 3,3 0 -diaminobenzidine (DAB) tetrachloride for 30 min, washed, and coverslipped.
No labeling was observed when protocols were completed without exposure to primary antibody. Control experiments were performed to ensure there was no cross-reactivity of secondary antibodies in co-labeling experiments. All sections were evaluated by blinded observers in pseudorandom order.
Neuron counting
Counting was performed by a blinded observer on an upright Olympus BX-60 CDU spinning-disk confocal microscope at 209 magnification. Neuronal cell body and nuclear diameters were measured using Slidebook imaging software (Intelligent Imaging Innovations). For evaluation of total myenteric neurons per ganglion area, ten serial sections from each GI segment collected at 60 lm intervals were stained for the pan-neuronal marker HuC/D for every case. In every section, photomicrographs of every myenteric ganglion along the ridge separating longitudinal from circular intestinal smooth muscle were captured using a Hamamatsu ORCA-ER High Resolution Digital Monochrome CCD camera. Ganglion area was measured using Slidebook, and neuronal profiles were counted manually. To avoid underestimation of neuronal number, both nucleated and non-nucleated profiles were counted [20] . For each case, neuronal profiles and ganglion area were both summed within segments. The number of neurons per ganglion area (mm 2 ) was calculated for each case as R neuron profiles 7 R area measurements [26] .
For evaluation of relative proportions of individual neurochemical phenotypes (NOS, VIP, TH) using double-label immunofluorescence, three sections were examined per segment in each case. All positive neurons in each segment were counted and divided by the total number of HuC/D-positive cells in each segment [3, 38] .
For both per area and relative proportion data, values for each case were averaged together and are presented as mean ± standard error (N = number of cases). Statistical comparisons among individual GI tract segments between controls and patients were made using mixed-factor repeated measures ANOVA with post hoc Bonferroni tests. A p value \0.05 was considered significant.
Analysis of a-synuclein staining
For evaluation of a-synuclein aggregation, one section was examined per segment in each case after IHC with the LB509 antibody. Samples in which synuclein aggregates were detected were subsequently evaluated with colabeling protocols for LB509 with NOS, VIP, and TH using one additional section for each neurochemical phenotype. Analysis of IHC-stained sections was performed by a blinded observer on an upright Olympus BX-60 light microscope. For co-localization studies, slides were examined on an upright Olympus BX-60 CDU spinning-disk confocal microscope at 20 and 609 magnifications. IHC-stained slides were analyzed for the presence or absence of a-synuclein aggregates. The gut layer (myenteric plexus, submucosa, etc.) in which aggregates were detected was noted as was the frequency of myenteric and submucosal ganglia containing aggregates. In the two slides in which co-localization was observed, the Slidebook software was used to count the proportion of a-synucleinpositive objects that were also positive for TH.
Results
Qualitative examination confirmed integrity of intestinal layers from mucosa to serosa, low levels of background staining, and discernable immunostaining for all sections and labeling techniques.
NOS, VIP, TH antibodies all labeled neuronal cell bodies in the myenteric plexus (Figs. 1, 8 ). Perikaryal TH and VIP staining tended to have a granular pattern, whereas NOS immunoreactivity was more diffuse in the cell body. Staining of neuronal processes was robust for all three antibodies.
The pan-neuronal antibody HuC/D was used to label all neurons in the myenteric plexus as the basis for relative quantification of neurochemical phenotype. For NOS, VIP, and TH, double-label immunofluorescence was used to quantify the proportion of each subtype (Fig. 1 ). All neurons positive for NOS, VIP, or TH were also HuC/D positive. The total number of neuron profiles counted per section and per mm 2 for individual samples was comparable for all co-labeling protocols (not shown). Table 3 demonstrates neuronal cell body and nuclear diameters were essentially identical for all neuronal subtypes in the myenteric plexus. Table 4 shows the number of myenteric neuron profiles counted and area measurements for each segment in individual cases. On average (±SEM) across all cases there were 474 ± 51 neuron profiles counted in the stomach, 707 ± 54 in the duodenum, and 1,594 ± 200 in the colon.
As can be seen in Table 5 , the average density of myenteric neurons across all cases was fairly similar in all three segments (470 ± 23 neurons per mm 2 in the stomach, 404 ± 17 in the duodenum, and 526 ± 22 in the colon).
As expected, there was a linear relationship between neuron number and ganglion area (Fig. 2a-c) . When compared to the calculated averages, the slopes of linear regression lines (Fig. 2a-c) give comparable neuronal density values in each segment (408 ± 17 neurons per mm 2 in the stomach, 381 ± 14 in the duodenum, and 533 ± 18 in the colon). Not surprisingly, correlation between the two methods was closer when more neuronal profiles were counted. Superimposing colon data from Ippolito et al. [26] onto our colon graph revealed very close agreement between the two studies (Fig. 2c) .
As expected from prior reports, while density per ganglion area was fairly comparable in different segments, neurons per mm length (Fig. 3a) increased in a proximal to distal gradient reflecting greater total myenteric ganglion area in colon than in stomach (Fig. 3b) . As with the neuronal density per area data, the data concerning neuronal density per mm colonic length was in close agreement with previous reports [9] . There were no differences in total myenteric neuron density between controls or PD patients in any segment examined (Table 5 ; Figs. 2a-c, 3a ). There were also no differences in individual myenteric neurochemical phenotypes (NOS, VIP, TH); that data was more variable due to smaller numbers of neurons counted (Fig. 2d-l) .
Proportion of neuron phenotypes in the myenteric plexus
As we and others have previously described, there are striking overall patterns in the neurochemical coding of the normal human myenteric plexus that vary based on GI tract segment (Fig. 4) . In general, the proportion of NO neurons in the human myenteric plexus is higher in distal (47 ± 6 % in rectum) than proximal segments (29 ± 3 % in stomach; Fig. 4a ). There is a progressive increase in abundance of NO neurons (R 2 = 0.28, F = 22.3, p \ 0.0001 for slope [0) along the length of the gut. VIP neurons are most prominent in the stomach where they account for nearly half (48 ± 6 %) of myenteric neurons; other segments have a significantly lower number of VIPpositive myenteric neurons (p \ 0.01 vs. stomach, repeated measures ANOVA with post hoc Dunnett test; Fig. 4b) . A small but significant proportion of myenteric neurons were TH-positive (22 ± 5 % in stomach and 1-7 % in other regions; Fig. 4c ). Similar to VIP, TH neurons were more prominent in the stomach than any other region (p \ 0.01, repeated measures ANOVA with post hoc Dunnett test).
There were no differences in relative proportions of individual myenteric neuron phenotypes between controls or patients in any segment examined. Specifically, for NOS, two-way repeated measures ANOVA revealed no interaction between disease state and segment [F(8, 
Post hoc comparisons were not performed since there was no effect of disease state on neuron proportions.
Assessment of a-synuclein pathology in the gut from PD and ILB patients Alpha-synuclein neuritic pathology or cytoplasmic Lewy bodies were not found in any samples from control individuals, but were detected in at least one GI segment in 12/13 PD cases and 2/4 ILB cases after examination of a single section from each segment (5 sections per case) with immunohistochemistry. Extending examination of PD and ILB cases to three sections per segment revealed alphasynuclein neuritic pathology in 13/13 PD cases and 2/4 ILB cases. Representative examples are presented in Fig. 5 . In PD and ILB, pathology was detected in every segment of the gut in at least one case, but the frequency differed based on segment and disease (PD vs. ILB) (Fig. 6) . In general, a-synuclein neuritic pathology was more frequent in the proximal than distal GI tract and most prominent in the stomach.
LB509-positive aggregates were identified most often in the myenteric plexus, but were also frequently seen in the submucosal plexus and surrounding submucosal blood vessels. Staining in other gut layers (serosa, smooth muscle, mucosa) was observed, but rarely (Figs. 5, 7) .
Thirty tissue blocks from PD and ILB cases in which LB509-positive aggregates were identified using the immunohistochemical method were re-evaluated using dual-label immunofluorescence. Of 90 sections examined, we detected fluorescent LB509-positive aggregates in 66. Co-localization experiments revealed no labeling of a-synuclein pathology (areas of LB509 positivity) with NOS or VIP, with the exception of a single cytoplasmic Lewy body observed in one VIP-positive myenteric neuron (Fig. 8) . Of 21 intestinal sections examined with TH immunofluorescence, four showed a small degree of co-localization with LB509 (Fig. 8c) . Even in these sections, only a minority of LB509-positive aggregates were TH-positive (39 out of 245; 15.9 %). Taken together, these data allow us to estimate that \3 % of a-synuclein aggregates in the GI tract from these cases were TH positive.
Correlation of GI pathology with brain pathology and clinical data from PD and ILB patients
All patients had advanced clinical PD and advanced brain pathology (Table 5 ). There was no correlation between any clinical parameter (age, age at onset, disease duration, Hoehn and Yahr stage) and any enteric histopathological parameter (neuron density, neuronal proportions, Lewy body frequency, or Lewy body density). Given the advanced nature of the brain pathology in this population of cases, there was no effective way to correlate brain Some clinical data concerning GI function and medications were available for all patients; however, this data was obtained from retrospective review of patient records not by specific questioning. As such, reliable correlation analyses could not be performed.
Discussion
The present study provides the first comprehensive and quantitative neuropathological assessment of the myenteric plexus in Parkinson's disease.
The main findings of this study are: (1) there is no absolute or proportional loss of myenteric neurons in Parkinson's disease; (2) gastrointestinal Lewy body pathology parallels parasympathetic autonomic input from the DMV; (3) Lewy pathology in the GI tract is rarely located in catecholaminergic fibers and almost never found in VIP or NO neural elements. In addition, this study provides a comprehensive assessment of neuronal density and neurochemical coding in the myenteric plexus across multiple segments of the normal human GI tract. 
Myenteric neuron numbers in PD
Quantification of myenteric neuron number has been a problematic technical hurdle. Unlike brain nuclei that are anatomically well demarcated, the fishnet-like architecture of the MP does not lend itself to traditional quantitative techniques such as stereology. Most of the available data have come from 'whole mount' preparations of surgically obtained specimens [19] . There are several limitations to this approach, including limited availability of and access to tissue; time-sensitive, labor-intensive, technically challenging preparation techniques; difficulties associated with immunostaining in thick sections of GI tissue; and lack of clarity as to how to appropriately report results (neurons per ganglia, neurons per square mm, etc.). The first two issues have been particularly limiting.
In contrast, using paraffin-embedded material allows tissue specimens to be easily stored and handled without excessive care and to be made quickly available from archival collections, such as the Banner Sun Health Research Institute Brain and Body Donation Program used for this study. In addition, routine hematoxylin-eosin staining can be used to screen out samples not appropriate for analysis due to pathologies unrelated to the subject of investigation. Several studies have been performed on paraffin sections to evaluate the organization of the myenteric plexus [5, 9, 24] and to obtain relative proportions of myenteric neurochemical phenotypes in humans and other mammals [3, 38] . The quantitative method used in this study was described recently to provide accurate detection and reliable quantification of immunolabeled myenteric ganglion cells in human colon [10, 26, 57] . There was very close agreement between our results and those of Ippolito et al. [26] indicating this method is valid, reproducible, and provides a reliable indication of myenteric neuron density in the colon. Our results also indicate that it is generalizable to other segments of the GI tract. In addition to the colon, there was a clear linear relationship between neuron number and ganglion area in the stomach and duodenum. There was no difference in myenteric neuron density between PD patients and controls. More specifically, there was no difference in either total myenteric neurons or individual neurochemical phenotypes (NO, VIP, TH) in stomach, duodenum, or colon. Furthermore, there was no relative difference in NO, VIP, or TH neurons in any GI segment, indicating that there is no selective vulnerability of any individual myenteric neuron subtype in PD. Although cholinergic neurons were not specifically measured in this study, given their high density in the MP, any alteration would have been reflected in total and relative neuron counts.
Importantly, there was no difference in myenteric neuron density between groups regardless of whether it was measured in neurons per ganglion area or neurons per length of intestine. It is unclear how a myenteric ganglion is remodeled in the face of neurodegeneration. Hypothetically, if a myenteric neuron degenerates and the ganglion remains the same size, density per ganglion area would decrease. Conversely, if the ganglion area shrinks in a compensatory manner after neuronal death, there would be no alteration in density per area and a resulting erroneous conclusion that neurons were unaffected. Our similar results regardless of method indicate that myenteric neurons are truly preserved in this sample of PD patients.
As with every study of this type, our ability to detect a statistical difference was limited by available samples and inherent variability of the data. Based on sample size and a coefficient of variation in the data of 20-25 %, the power to detect a 30 % difference in myenteric neuron density in these experiments was greater than 90 %; the power to detect a 10 % difference was about 30 %. The variability observed in this series is consistent with that expected for biological samples. A larger sample size is always desirable; however, samples were limited by the tissue collection biases that the Banner Sun Health Research Institute's Brain and Body Donation Program was created to address. Given the labor-intensive nature of these experiments and analyses, expectation for future studies using a greater number of samples should be tempered. Fortunately, since there was essentially complete overlap of values from PD and control cases, the chance that even a small physiologically relevant difference was missed (type II error) is low. The preservation of myenteric neurons was in marked contrast to extensive loss of dopamine neurons in the substantia nigra from the same PD individuals. The finding that myenteric neuron density is normal even in this population with advanced PD strongly suggests that myenteric neuron loss is not a feature of PD.
On the surface, this contradicts a widely cited paper by Singaram and collaborators [50] that reported massive dopamine neuron loss in the colonic myenteric plexus of PD patients. However, that conclusion was based primarily on dopamine immunohistochemistry, which is not a valid technique for identification of dopamine or dopamine neurons in situ. In the same study, there was no change in tyrosine hydroxylase immunohistochemistry. Based on that and the results of the present study, it is highly likely that the dopaminergic neuronal loss they reported was an experimental artifact.
One other study has investigated the ENS quantitatively from PD patients. The main focus of the study was the feasibility of detecting a-synuclein neuritic pathology in colon biopsy samples from living subjects, but a secondary analysis included counting neurons in the submucosal plexus and found a 15 % decrease in SMP neurons per ganglion in PD patients [33] . The study is very intriguing and suggests method that could allow longitudinal pathological studies in PD patients. The neurons per ganglion calculation is one frequently used in studies of this type but whether or not it is a valid quantification method is not entirely clear. There are potential confounding variables to the techniques such as significant tissue manipulation and subjective determination of ganglion borders, so that replication of the results is critical. Despite those technical concerns, the study was well done, and interpreting our results in its context suggests that if neuron loss in any division of the ENS is causally responsible for the GI symptoms observed in PD, it is more likely to be the SMP [18] . Again, when compared to the devastation seen in the substantia nigra, even though there may be some loss of submucosal neurons in PD, the extent is minimal, raising a question as to whether or not it is clinically relevant. In addition, it is important to remember the neurochemistry and neuroanatomy of the ENS is adaptive, meaning a decrease in neurons may be a result, as opposed to a cause, of GI symptomatology.
GI a-synuclein pathology in PD The method used for detection of a-synuclein pathology in this study was very sensitive, detecting proteinase K-resistant immunoreactivity in at least one segment in every PD patient. This is comparable to other series in which Lewy pathology has been detected in the vast majority of cases examined [6, 33, 52, 55, 56] .
Despite the high frequency of GI a-synuclein pathology detected in this study, the overall burden of GI Lewy pathology was quite low. In the majority of patients, Lewy Fig. 8 Lewy bodies in gut from PD patients were not observed to colocalize with NOS or VIP, and only very rarely with TH. a LB509 (red) and NOS (green). b LB509 (red) and VIP (green). c LB509 (red) and TH (green). All scale bars 100 lm. Inset in c shows a small area of double-labeling of LB509-positive neurites with TH bodies were rare and detected in a small minority of enteric neural elements. Of course, this is a post-mortem, crosssectional study, so we cannot comment on whether there are any quantitative changes in pathology over time. It is possible that following degeneration of processes, Lewy bodies disappear in a fashion analogous to that hypothesized for the cardiac sympathetic innervation [39] .
LB pathology was most commonly detected in the myenteric plexus, with the submucosal layer (SMP and blood vessels) being the next most common. As mentioned above, Lewy pathology has recently been detected in submucosal colon biopsies in living PD patients [33, 49] . Detection has also been demonstrated in gastric and duodenal biopsies [47] . In conjunction with prior results, the present data suggest that evaluating both enteric plexuses may provide an even higher yield [6, 11, 56] . Given that full-thickness intestinal biopsies and analysis of the myenteric plexus from them is now possible, that may provide a fruitful area of study for PD research and a reliable longitudinal pathological metric for evaluating PD progression [13, 37] .
We have confirmed the proximal to distal gradient of Lewy pathology that has previously been reported in the GI tract of PD patients [6, 56] . This gradient indicates a correlation between Lewy pathology in the myenteric plexus and innervation by the vagus nerve in that GI segments known to have dense innervation from the DMV (e.g., stomach) had higher frequencies of PD pathology. In contrast, the densities of extrinsic sympathetic and intrinsic enteric innervation are more consistent throughout the GI tract. This relationship suggests that either a proportion of a-synuclein neuritic pathology is located in vagal efferents, vagal innervation increases the propensity to develop damage in PD, or both.
Immunofluorescent co-labeling experiments revealed no overlap between a-synuclein neuritic pathology and NOSpositivity, a single cytoplasmic Lewy body in one VIPpositive myenteric neuron, and a low frequency of overlap (*3 %) with TH immunoreactivity. Co-localization with TH or VIP has been previously reported, although in both instances at much higher percentages ([50 % each) with conflicting results between reports [33, 54] .
There are several possible interpretations consistent with the minimal co-localization observed here. First, the majority of a-synuclein neuritic pathology may be located in other neuronal phenotypes, such as cholinergic processes, either intrinsic to the ENS or extrinsic to the GI tract, such as DMV efferents. Second, there may be neurochemical plasticity in the ENS induced by synuclein deposition. Third, synuclein aggregation may cause downregulation of expression of neuronal markers. Finally, synuclein aggregates may physically displace the neurochemical markers, such that even though the neurons as a whole continue to express them, they are 'crowded out' of neurites in discrete areas. A combination of any or all of these possibilities may exist. In particular, changes in marker expression or physical displacement may be variable enough to be responsible for disparate results to date. Further investigation using additional markers and longitudinal sampling would be very helpful to help answer the question as to exactly which neural (or nonneural) compartment contains enteric a-synuclein neuritic pathology.
Neurochemical coding and density of myenteric plexus neurons from control individuals Even considering control samples alone, the numbers of cases and neurons examined in this series of experiments are an order of magnitude greater than any report in the literature to date concerning neurochemical coding of enteric neurons. Overall, these data are in near-complete agreement with previously published reports concerning relative density of myenteric neurochemical phenotypes generated from more limited sample sets.
As expected, a significant proportion of myenteric plexus neurons express nitric oxide synthase (NOS) in neuronal cell bodies, and fibers innervating circular muscle and myenteric ganglia are dense. There is a progressive increase in the proportion of myenteric neurons expressing NOS from proximal to distal GI segments; NO fibers demonstrate a similar pattern. The quantitative difference is considerable in that just over a quarter of myenteric neurons in the stomach body expresses NOS while nearly half uses NO as a neurotransmitter in the rectum. Previous reports have indicated percentages of NOS myenteric neurons in humans ranging from 27-40 % in stomach [38, 44] to 43-51 % in colon [35, 45, 46] . Estimates in small intestine have ranged from 20 to 38 % [8, 12] . In general, published results suggest that an increase in the proportion of myenteric neurons expressing NOS in a proximal to distal GI gradient is a fairly consistent finding across mammalian species suggesting a conserved function for NOS neurons in GI physiology [16, 17] .
The distribution of VIP in the ENS is opposite to that of NOS. VIP is expressed in nearly 50 % of myenteric neurons in the stomach but a significantly lower percentage in more distal segments. Previous reports also support the conclusion that VIP-positive myenteric neurons are most abundant in the stomach in mammals [3, 23, 36, 38, 44] . This anatomical pattern suggests that VIP may be especially important for the modulation of gastric motility and emptying. In contrast to NOS, VIP fibers were frequent in the mucosa and submucosa in addition to innervating muscle and plexus layers. Mucosal and submucosal VIP innervation is likely derived from VIP neurons in the submucosal plexus where VIP-positive neurons have been described to be the majority in humans [3] .
Myenteric neurons in humans expressing TH have been previously reported to lack dopamine-b-hydroxylase, indicating they are dopaminergic [3, 34] . Conversely, many TH-positive fibers innervating the myenteric plexus and other layers of the GI tract (e.g., submucosal blood vessels) are noradrenergic and represent extrinsic sympathetic innervation [3] .
As previously reported by us and others, a significant but variable proportion (approximately 1-20 %) of human myentric neurons are TH-positive [3, 38, 53] . Catecholaminergic innervation of the myenteric ganglia was dense, presumably representing both enteric and extrinsic sympathetic fibers. Similar to VIP, TH neurons were most abundant in the stomach where they constitute nearly onefifth of myenteric neurons. In contrast to NOS and VIP, there are interesting differences between humans and other mammals with regard to TH-positive myenteric neurons. They are very rare (0-2 %) in the monkey [38] ; reports in rodents have varied from 0.5-10 % in mouse small intestine [2, 34, 48 ] to 15 % in rat stomach [23] .
Interestingly, our data indicate that myenteric neuron density per ganglion area is comparable across GI tract segments. This is in contrast to myenteric neuron density per mm intestine, which is higher in the colon than in the duodenum and stomach. This indicates that while myenteric neuron density within ganglia is consistent throughout the GI tract, there is relatively more ganglion area (and thus more neurons) in the distal GI tract when compared to the proximal. This is likely secondary to larger ganglion size and greater numbers of ganglia [19, 27] . It will be important to bear this finding in mind when interpreting future experiments assessing neuronal numbers and possible neuronal loss in the myenteric plexus.
Summary
These data strongly suggest that myenteric neuron loss is not a feature of Parkinson's disease. Differences in digestive and storage functions of different segments of the GI tract are reflected in significant differences in neurochemical coding of myenteric neurons, but there is no change in these phenotypes in PD. As previously suggested, Lewy body pathology parallels parasympathetic autonomic input from the DMV, not the distribution of extrinsic sympathetic input or intrinsic enteric neurons. Further investigation will be required to determine the exact compartment in which a-synuclein aggregates in the GI tract of PD patients. Based on the available data, neuropathology in the DMV and/or submucosal plexus is more likely than damage to the myenteric plexus to be a causative factor in PD-related GI dysmotility.
